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Legionella pneumophila, the agent of Legionnaires’ disease, is an intracellular parasite of aquatic amoebae
and human macrophages. A key factor for L. pneumophila in intracellular infection is its type II protein
secretion system (Lsp). In order to more completely define Lsp output, we recently performed a proteomic
analysis of culture supernatants. Based upon the predictions of that analysis, we found that L. pneumophila
secretes two distinct aminopeptidase activities encoded by the genes lapA and lapB. Whereas lapA conferred
activity against leucine, phenylalanine, and tyrosine aminopeptides, lapB was linked to the cleavage of lysine-
and arginine-containing substrates. To assess the role of secreted aminopeptidases in intracellular infection,
we examined the relative abilities of lap4 and lapB mutants to infect human U937 cell macrophages as well as
Hartmannella vermiformis and Acanthamoeba castellanii amoebae. Although these experiments identified a
dispensable role for LapA and LapB, they uncovered a previously unrecognized role for the type II-dependent
ProA (MspA) metalloprotease. Whereas pro4A mutants were not defective for macrophage or A. castellanii
infection, they (but not their complemented derivatives) were impaired for growth upon coculture with H.
vermiformis. Thus, ProA represents the first type II effector implicated in an intracellular infection event.
Furthermore, proA represents an L. pneumophila gene that shows differential importance among protozoan
infection models, suggesting that the legionellae might have evolved some of its factors to especially target

certain of their protozoan hosts.

Legionella pneumophila is the agent of Legionnaires’ disease
pneumonia (29). In fresh waters, this gram-negative bacterium
exists in protozoan hosts and as a part of biofilms. Disease
occurs when inhaled legionellae, possibly including those still
associated with protozoa or protozoan vesicles (11, 12), invade
alveolar macrophages. Although many factors promote the
ecology and pathogenesis of L. pneumophila, protein secretion
stands out for its multifaceted significance. L. prneumophila
possesses type II secretion, type IVB secretion, and type IVA
secretion (7, 17), and genome sequencing suggests the exis-
tence of type I and type V secretion systems (14, 40). Among
these pathways, the Lsp type II system is arguably implicated in
the broadest array of phenotypes (17). Indeed, this pathway is
required for secretion during growth in bacteriologic media at
37°C, extracellular survival in broth/water at 12 to 25°C, colony
morphology, intracellular infection of protozoa (acanthamoe-
bae and hartmannellae), optimal intracellular infection of hu-
man macrophages and monocytes, and virulence in a murine
model of pneumonia (37, 44, 55, 61, 62, 68, 69). Although type
IT secretion exists in many gram-negative organisms, including
various animal and plant pathogens, L. pneumophila is the only
intracellular pathogen known to possess a functional type II
system (17). Type II secretion is a two-step process in which
nascent proteins are first translocated across the inner mem-
brane and then, after what might be a very short period, are
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transported from the periplasm to the exterior through a ded-
icated outer membrane pore (42). In Pseudomonas aeruginosa
and L. pneumophila, the transport of type II substrates across
the inner membrane is mediated by the Sec or Tat pathway (42,
60). Proteins secreted via the L. pneumophila type 11 system
were first identified by enzymatic activities in wild-type but not
Isp mutant culture supernatants, i.e., a metalloprotease, acid
phosphatases, lipases, phospholipase A, phospholipase C, ly-
sophospholipase A, cholesterol acyltransferase, and RNase
(24, 8, 22, 30, 31, 37, 44, 61, 62). A two-dimensional poly-
acrylamide gel electrophoresis comparison of wild-type and Isp
mutant supernatants then showed that the type II secretome
includes at least 25 proteins (23). Among the new proteins are
(i) a chitinase that promotes persistence in lungs, (ii) proteins
predicted to have aminopeptidase, cellulase, nucleotidase, or
decarboxylase activity, (iii) proteins that show their greatest
similarity to eukaryotic proteins, and (iv) proteins with no
homology to known proteins. In silico analysis of the L. pneu-
mophila genome suggested that the type II secretome may
actually encompass as many as 60 proteins (23).

For many years, it has been known that amino acids are the
main carbon and energy source for growing legionellae (74),
and early reports described a variety of secreted aminopepti-
dase and protease activities in L. pneumophila culture super-
natants (10, 20, 25, 36, 53, 54, 75). However, the genes respon-
sible for the production and secretion of these activities have
remained unknown, other than the loci associated with the
above-mentioned metalloprotease, which is variously known as
ProA or MspA (37, 44, 50, 57, 73). By cloning two proteins
identified in our proteomic screen and characterizing new mu-
tants, we now show that L. pneumophila does secrete amino-
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peptidases through its type II system. While examining the role of
the aminopeptidases, we also discovered that ProA promotes L.
pneumophila infection of Hartmannella vermiformis amoebae, an
issue that was not addressed in earlier studies on that exopro-
tein (51, 73).

MATERIALS AND METHODS

Strains, growth media, and chemicals. L. pneumophila strain 130b (ATCC
strain BAA-74, also known as AA100 or Wadsworth) served as our wild type
(27). Mutants of 130b containing a kanamycin resistance (Km") cassette inserted
into IspF (NU275) or proA (AA200) as well as a complemented IspF mutant were
previously described (51, 62). Legionellaec were routinely cultured in buffered
yeast extract (BYE) broth or on buffered charcoal yeast extract (BCYE) agar
(62). Growth in broth was assessed by measuring the optical density of the
culture at 660 nm. Escherichia coli DH5a and DH5a N pir (Invitrogen, Carlsbad,
CA), hosts for recombinant plasmids, were grown on LB agar (6). Antibiotics
were added to media at the following concentrations (in pg per ml): ampicillin,
100; chloramphenicol (Cm), 6 for L. pneumophila and 30 for E. coli; gentamicin,
2.5; kanamycin, 25 for L. pneumophila and 50 for E. coli. Chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

Sequence analysis, gene cloning, and mutant constructions. DNA and protein
sequences were analyzed using Lasergene software (DNASTAR, Madison, WI).
The Clustal method of Lasergene Megalign was used for protein alignments.
Database searches were done using programs based on the BLAST algorithm
(1). Genomic DNA was isolated from L. pneumophila as described previously
(18). Based on data from the L. pneumophila strain Paris genome (14), pairs of
primers were designed for amplifying genes from 130b DNA. Primers
OR140Ipp2866 (5'-CAGGCTTGCTCCAACAGTTA) and OR1411pp2866 (5'-C
TCTAACCGACGACGCTAAT) yielded a 1,879-bp fragment containing lapA,
and primers ORI142lpp0031 (5'-TCCTGCGAGAACGTGATGAA) and
ORI143Ipp0031 (5'-AGATTGCAAGTCACTCGCTG) yielded a 1,957-bp frag-
ment for lapB. Primers were obtained from Integrated DNA Technologies
(Coralville, TA). To facilitate construction of L. pneumophila mutants, the PCR
fragments encoding lapA and lapB were ligated into pGem-T Easy (Promega,
Madison, WI), yielding plasmids pGlapA and pGlapB, respectively. pGlapA was
digested with Mfel, which cuts 91 bp after the lapA start codon, and Mscl, which
cuts 245 bp before the end of the gene, and then, after Klenow treatment, was
ligated to a Km" gene isolated from pMB2190 upon HinclI digestion (34) to yield
pGlapA::Km. Next, a SphI-Xbal fragment of pGlapA::Km containing the dis-
rupted gene was cloned into the Cm", sacB-containing suicide vector pRE112
(26), to give pRlapA::Km. pGlapB was digested with BstBI, which cuts 383 bp
after the lapB start codon, and then, after Klenow treatment, was ligated to a
gentamicin resistance (Gm") gene isolated from pX1918GT after HincII and
Pvull digestion (65) to give pGlapB::Gm. Following a Sphl digest of
pGlapB::Gm, disrupted lapB was cloned into pRE112, yielding pRlapB::Gm. L.
pneumophila was transformed with plasmids by electroporation as previously
described (19). Following electroporation of pRlapA::Km and pRlapB::Gm into
strain 130b, mutants were selected based on Cm sensitivity, sucrose resistance,
and Km" (pRlapA::Km) or Gm" (pRlapB::Gm), indicative of the introduction of
the mutated gene into the chromosome and loss of the pRE112 vector by allelic
exchange. To construct a lapA lapB double mutant, a Gm" lapB mutant was
electroporated with pRlapA::Km. To mutate pro4, Km'-disrupted pro4 from
strain AA200 was amplified using primers OR115lipA (5'-GGCATGGTCATT
CTTCACAC) and ORI12IproA (5'-GTGCACCAGATAATTCCGTC). The
PCR fragment was then cloned into pGem-T Easy to give pGproA::Km. The
latter plasmid was digested with Notl, and then, after Klenow treatment,
the fragment encoding the disrupted gene was ligated into the Smal site of
plasmid pRE112, yielding pRproA::Km. To make a lapB proA double mutant, a
Gm" lapB mutant was electroporated with pRproA::Km. Verification of mutant
genotypes was carried out by PCR (data not shown).

Complementation analysis. To facilitate complementation of the pro4A mutant,
a 3,297-bp fragment specifically containing pro4 was amplified by PCR from
strain 130b DNA using primers OR115lipA and OR121proA and then subcloned
into pGem-T Easy. Following a Sphl digest of the resulting plasmid, pro4 was
cloned under the control of the fac promoter in pMMB2002 (62), yielding
pMproA. To confirm expression from this construct, we observed that pMproA
restored the ability of AA200 to degrade casein. For complementation of the
lapB mutant, a 1,729-bp fragment specifically containing lapB was amplified by
PCR from strain 130b DNA using primers JDlapBfr (5'-CGTTCAAG ATCAT
CGAGCTATTCCATAG) and JDlapBrv (5'-TCCCTAACAAAAAAATG
GATA GCAAGAG) and then subcloned into pGem-T Easy. Following a Sall
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and Sphl digest of the resulting plasmid, lapB was directionally cloned under the
control of the fac promoter in pMMB2002, yielding pMlapB. Confirmation of
this final construct was done by PCR using primers OR77pMMB2002 (5'-TCG
GCTCGTATAATGTGTGG) and JDlapBrv.

Analysis of L. pneumophila-secreted enzymatic activities. Cell-free, filter-ster-
ilized supernatants were obtained from L. pneumophila cultures grown in BYE
broth to late log phase (3). Leucine and lysine aminopeptidase activities were
assayed by following the release of p-nitroanilide (pNI) from r-leucine p-NI
(Leu-pNI) and L-lysine p-NI (Lys-pNI), respectively (13, 36, 56, 70). Briefly, 20 pl
of sample was added to 180 pl of assay buffer (50 mM Tris-HCI [pH 8], 100 mM
NaCl, 1 mM CaCl,) containing 3 mM Leu-pNI or Lys-pNI, and then the increase
in absorbance at 405 nm was monitored over time of incubation at 37°C (Spec-
traMAX 190; Molecular Devices, Sunnyvale, CA). Alanine, arginine, cystine,
phenylalanine, and tyrosine aminopeptidase activities were assayed by following
the release of B-naphthylamide (BNA) from L-alanine-BNA (L-Ala-BNA), L-
arginine-BNA (L-Arg-BNA), L-cystine di-BNA (L-Cys-BNA), L-phenylalanine-
BNA (L-Phe-BNA), and L-tyrosine-BNA (L-Tyr-BNA), respectively (53, 54). A
10-pl aliquot of sample was added to 190 wl of 0.1 M phosphate buffer (pH 6.8)
and then, to start the reaction, 3 mM of the amino acid-BNA substrate was added
in a volume of 100 wl. Upon incubation at 37°C, released BNA was recorded
fluorometrically (SpectraMAX GeminiXS; Molecular Devices) over time at 410
nm with an excitation wavelength of 340 nm (45, 66, 80). One unit of amino-
peptidase was defined as that which yielded 1 uM of pNI or BNA in 1 min, based
upon standard curves generated with pNA and pNI (66, 80). Protease activity was
determined on casein agar, and acid phosphatases were monitored by the release
of p-nitrophenol (p-NP) from p-NP phosphate (2, 3). RNase activity was assayed
by monitoring the release of nucleotides from Baker’s yeast type III RNA (62),
and lipolytic activities were determined by p-NP palmitate and p-NP caprylate
hydrolysis (3, 4).

Intracellular infection of protozoa and macrophages. To examine the ability of
L. pneumophila to grow in protozoa, H. vermiformis (ATCC strain 50237) and
Acanthamoeba castellanii (ATCC 30234) were infected as previously described
(19, 51, 77). Thus, ca. 10* CFU were added to wells containing 10° amoebae and
then, at various times postinoculation, the numbers of bacteria per coculture
were determined by plating dilutions on BCYE agar. To assess growth in mac-
rophages, differentiated human U937 cells were infected as previously described
(18, 62). Monolayers containing 10® macrophages were inoculated with 10° CFU,
incubated for 2 h to allow bacterial entry, and then washed to remove unincor-
porated bacteria. At various times postinoculation, dilutions of saponin-lysed
monolayers were plated on BCYE to determine the numbers of bacteria per
monolayer.

Pulmonary infection of A/J mice with L. pneumophila. As described before,
female 6- to 8-week-old A/J mice (Jackson Lab, Bar Harbor, ME) were inocu-
lated intratracheally with 25 pl of a bacterial suspension containing 10° CFU of
a 1:1 ratio of wild-type and mutant strains (62). Three days later, infected lungs
were homogenized, and the numbers of viable bacteria and the ratio of wild type
to mutants were determined by plating dilutions on standard and antibiotic-
supplemented BCYE (23, 62). Animal experiments were approved by the Animal
Care and Use Committee of Northwestern University.

RESULTS

Identification and mutation of lap4 and lapB in L. pneumo-
phila. In our previous proteomic analysis, we identified two
proteins that are present in wild-type 130b but not IspF mutant
supernatants and are hypothesized to be aminopeptidases (23).
The first of these proteins, which we now designate as LapA,
for Legionella aminopeptidase A, had been annotated as a
leucine aminopeptidase. In the sequenced strains Philadelphia,
Paris, and Lens, lapA is designated as Ipg2814, 1pp2866, and
1p12729, respectively (14, 16). In wild-type supernatants, we
observed a 35-kDa LapA, a form of the protein that predicts
cleavage of a signal sequence, secretion by the type II pathway,
and processing to a smaller form (23). The second of these
proteins, which we named LapB, also showed similarity to
known aminopeptidases, although its level of similarity was not
sufficient to warrant prior annotation as an aminopeptidase. In
strains Philadelphia, Paris, and Lens, lapB is designated as
Ipg0032, Ipp0031, and 1pl0032, respectively (14, 16). As was the
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FIG. 1. Secreted aminopeptidase activities of the wild type versus lapA and lapB mutants of L. pneumophila. Cell-free supernatants obtained
from late log cultures of wild-type 130b (black bars), lapA mutant NU320 (white bars), lapB mutant NU322 (gray bars), and lapA lapB double
mutant NU324 (hatched bars) were tested for their ability to cleave Leu-pNI (A), Phe-BNA (B), Tyr-BNA (C), Arg-BNA (D), Lys-pNI (E), and
Ala-BNA (F). The values presented are the means and standard deviations obtained from triplicate samples and are representative of at least four
independent experiments. The reduced levels of activity seen for the lapA4 mutants (A to C) and the lapB mutants (D and E) were statistically

significant (P < 0.05; Student’s ¢ test).

case for LapA, a ca. 35-kDa LapB was observed in wild-type
supernatants (23). LapA and LapB exhibit 42% identity and
59% similarity with each other (data not shown).

In order to determine whether LapA and LapB are, in fact,
aminopeptidases, we cloned each of their genes and then used
allelic exchange to construct the corresponding specific mu-

tants of strain 130b. Two independently derived mutants were
obtained for each gene, i.e., Km" NU320 and NU321 for lapA
and Gm" NU322 and NU323 for lapB. We also constructed two
double mutants that were defective for both lapA and lapB, i.c.,
Km" Gm" NU324 and NU325. All new mutants grew normally
in BYE broth and on BCYE agar at 37 and 25°C (data not
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shown), indicating that lapA4 and lapB are not required for
extracellular growth in standard medium. When cultured in
broth, supernatants from mutant cultures contained normal
levels of acid phosphatase, lipase, RNase, and protease (data
not shown), indicating that the strains do not have general
defects in type II secretion.

Influence of lapA, lapB, and IspF on secreted aminopeptidase
activities. To examine secreted aminopeptidase activities, we
grew legionellae in BYE broth to late log phase and then
assayed culture supernatants for the ability to cleave peptide
substrates. Wild-type 130b supernatants consistently cleaved
arginine-, alanine-, leucine-, lysine-, phenylalanine-, and ty-
rosine-containing substrates (Fig. 1). As observed previously
with the Corby strain of L. pneumophila (20), this activity
appeared the greatest when using the leucine- and lysine-con-
taining substrates. No activity was seen against Cys-BNA (data
not shown). When the wild type was grown in BYE broth that
had 25% of its usual yeast extract content, there was a ca. 97%
reduction in activity in supernatants compared to the activity in
supernatants from standard BYE. Hence, as might be ex-
pected, secreted activity is responsive to the amount of poten-
tial substrate in the growth medium. These data confirm that
L. pneumophila strains secrete activity against a variety of
aminopeptides.

As predicted from the annotation, supernatants derived
from lapA mutant NU320 lacked leucine aminopeptidase ac-
tivity (Fig. 1A). Since the independently derived lapA mutant
NU321 also completely lacked this activity and since lapA is
monocistronic, these data indicate that this defect was due to
loss of LapA. We next observed that the lap4 mutant also
completely lacked activity against Phe-BNA and L-Tyr-BNA
(Fig. 1B and C), indicating that the ability of LapA to cleave is
not specific for leucine aminopeptides. In contrast to the lapA
mutant, the lapB mutant did not show any loss of activity
against leucine, phenylalanine, or tyrosine substrates (Fig. 1A
to C). Supernatants from the independently derived lapA lapB
double mutant lacked activity against leucine, phenylalanine,
and tyrosine aminopeptides in the same way as did the lapA
mutants (Fig. 1A to C). When testing activity against L-Arg-
BNA and Lys-pNI, we observed that the LapB mutant, but not
the LapA mutant, lacked activity (Fig. 1D and E). LapB mu-
tant NU322 showed a complete loss of lysine aminopeptidase
activity and a partial reduction in arginine aminopeptidase
activity. Supernatants from the lapA lapB double mutant
lacked activity against arginine and lysine aminopeptides in the
same way as did the lapB mutant (Fig. 1D and E). When an
intact copy of lapB was reintroduced into NU322 on comple-
menting plasmid pMlapB, there was restoration of aminopep-
tidase activity (data not shown). Thus, the losses in arginine
and lysine aminopeptidase activities in the lapB mutant were
due to the absence of LapB. None of the single or double lap
mutants lacked alanine aminopeptidase activity in their super-
natants (Fig. 1F). Taken together, these data indicate that,
under standard growth conditions, LapA is entirely responsible
for secreted leucine, phenylalanine, and tyrosine aminopepti-
dase activities, whereas LapB is entirely responsible for the
lysine aminopeptidase activity and at least partly responsible
for the organism’s secreted arginine aminopeptidase activity.

Supporting the fact that LapA and LapB are secreted via the
type II secretion system, we observed that the leucine and
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FIG. 2. Secreted aminopeptidase activities of the wild type versus
an IspF mutant of L. pneumophila. Cell-free supernatants obtained
from late log cultures of wild-type 130b (black boxes) and IspF mutant
NU275 (white bars) were tested, as indicated, for their ability to cleave
Leu-pNI, Lys-pNI, and Ala-BNA. The values presented are the means
and standard deviations obtained from triplicate samples and are rep-
resentative of at least four independent experiments. The IspF mu-
tant’s reduced levels of activity against Leu-pNI and Lys-pNI were
statistically significant (P < 0.05; Student’s ¢ test).

lysine aminopeptidase activities were diminished in the super-
natants of an IspF mutant (Fig. 2) but at wild-type levels in
supernatants of a complemented IspF mutant (data not
shown). Interestingly, the alanine aminopeptidase activity that
is not dependent upon LapA or LapB was always fully present
within the supernatants of the IspF mutant (Fig. 2), suggesting
that it is secreted or released by a mechanism other than
standard type II secretion.

Roles of lapA and lapB in L. pneumophila infection. On many
occasions, we and others have observed that Isp mutants of
strain 130b are impaired in their ability to infect H. vermiformis
amoebae and human U937 cell macrophages (23, 44, 55, 60—
62). Others have shown that Isp mutants of strain Philadel-
phia-1 are unable to grow in A. castellanii amoebae (37). Thus,
to assess the role of aminopeptidases in intracellular infection,
we compared strain 130b and the LapA and LapB mutants for
their abilities to infect these three disparate hosts. Mutants
lacking one or both of the aminopeptidases showed no defect
in H. vermiformis amoebae, A. castellanii amoebae, or U937
cell macrophages (Fig. 3). Thus, the losses of LapA and LapB
do not account for the previously reduced inability of Isp mu-
tants to grow within host cells in vitro. To ascertain the in vivo
significance of the type II-secreted aminopeptidases, we as-
sayed the ability of the lapA lapB double mutant NU324 to
grow in the lungs of A/J mice. Unlike an IspF mutant (23, 62),
NU324 grew and displayed a recoverability from the lungs that
was similar to wild type (data not shown). These data indicate
that lapA and lapB are not required for infection.

Role for the secreted zinc metalloprotease in intracellular
infection of protozoa. While testing the Lap mutants, we
thought it would be instructive to also examine a 130b mutant
lacking another type of proteolytic enzyme, i.c., the secreted
ProA/MspA metalloprotease. At the outset, we viewed the
protease mutant as another control. Indeed, when tested in the
aminopeptidase assays, mutant AA200 did not display a reduc-
tion in activity against Leu-pNI, Phe-BNA, Tyr-BNA, or Ala-
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FIG. 3. Intracellular infection of amoebae and macrophages by
wild-type and aminopeptidase mutants of L. pneumophila. H. vermi-
formis (A), U937 cells (B), and A. castellanii (C) were infected with
wild-type 130b (#), lapA mutant NU320 (O), lapB mutant NU322 (e),
or lapA lapB double mutant NU324 ([J) and then, at various times
postinoculation, the numbers of bacteria per well were determined.
The values presented are the means and standard deviations obtained
from four (A) or three (B and C) infected wells and are representative
of at least two independent experiments.

BNA (Fig. 4A). Supernatants from the pro4A mutant did show
losses in activity against Arg-BNA and Lys-pNI that were com-
parable to those seen for the lapB mutant (Fig. 4B), suggesting
that the protease may be needed for activation of LapB as it is
for the expression of some other type-II secreted enzymes (8,
31). For intracellular infection, the protease mutant AA200
behaved like the wild type did when grown in U937 cells (data
not shown) and A. castellanii strain 30234 (Fig. 5). As expected
(see above), our IspF mutant of strain 130b showed a greatly
reduced ability to grow in A. castellanii (Fig. 5). The U937 cell
infection results obtained for the protease mutant were also in
agreement with the earlier work of others, which showed that
ProA is dispensable for infection of the HL-60 macrophage
cell line and explanted guinea pig macrophages (51, 73). Sim-
ilarly, Moffat et al. also previously observed that the proA
mutant AA200 is not defective for growth in A. castellanii
30234 (51). Using the assay methods of Moffat et al., Hales and
Shuman observed that a mspA mutant derived from L. pneu-
mophila strain Philadelphia-1 does not show optimal growth in
A. castellanii 30234 (37). It is not clear why we and Moffat et al.
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FIG. 4. Secreted aminopeptidase activities of the wild type versus a
proA mutant of L. pneumophila. Cell-free supernatants obtained from
late log cultures of wild-type 130b (black boxes) and pro4 mutant
AA200 (white bars) were tested, as indicated, for their ability to cleave
Phe-BNA, Tyr-BNA, Ala-BNA, and Leu-pNI (A) or Arg-BNA and
Lys-pNI (B). The values presented are the means and standard devi-
ations obtained from triplicate samples and are representative of at
least three (A) or four (B) independent experiments. Mutant AA200’s
reduced levels of activity against Arg-BNA and Lys-pNI (B) were
statistically significant (P < 0.05; Student’s ¢ test).

obtained a result that is different from that of Hales and Shu-
man. On the one hand, it is possible that proA/mspA is impor-
tant for infection of acanthamoebae by some (e.g., Philadel-
phia-1) but not all (e.g., 130b) strains of L. prneumophila. On
the other hand, since only a single mspA4 mutant derived from
Philadelphia-1 was tested and no subsequent complementation
analysis was done, it is possible that the growth defect seen was
due not to the loss of mspA/proA but to a second-site mutation.

When we examined AA200 for its ability to infect H. vermi-
formis, a type of amoebae that had not been examined previ-
ously with any proA or mspA mutant, we observed a statistically
significant defect. Indeed, the pro4 mutant consistently showed
a ca. 10-fold-reduced recovery after 48 to 96 h of incubation
with these amoebae (Fig. 6A). The mutant did not exhibit any
reduced survivability when incubated in the 1034 culture me-
dium alone (data not shown). Importantly, complementation
of the mutant phenotype occurred when an intact copy of proA
was introduced on a plasmid (Fig. 6B). Also, an independently
derived mutant (NU327) inactivated for both lapB and proA
displayed a defect in H. vermiformis that was identical to that of
AA200 (data not shown). That AA200 was not defective when
infecting acanthamoebae that were cultured in 1034 medium
(Fig. 5B) indicates that the reduced recoverability of the proA
mutant from H. vermiformis was not simply an artifact of the
particular medium used to grow those amoebae. Together,
these data indicate that the secreted zinc metalloprotease of L.
pneumophila promotes optimal intracellular infection but that
its importance is dependent upon the host system being used.
Since the proA mutant was not as defective in H. vermiformis as
the IspF mutant (Fig. 6A), there are likely to be more type II
effectors that facilitate intracellular infection.
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FIG. 5. Intracellular infection of A. castellanii by the wild type, an
IspF mutant, and a pro4A mutant of L. pneumophila. Acanthamoebae,
cultured in standard proteose peptone-yeast extract-glucose medium
(A) or 1034 medium (B), were infected with wild-type 130b (#), IspF
mutant NU275 (e), and proA mutant AA200 (O) and then, at various
times postinoculation, the numbers of bacteria per well were deter-
mined. The values presented are the means and standard deviations
obtained from three infected wells and are representative of at least
two independent experiments. At 48 to 96 h postinoculation, and
under both growth conditions, the recovery of the IspF mutant was
significantly less than that of the wild type and the other mutant (P <
0.05; Student’s ¢ test). In contrast, the slightly reduced recoveries of the
proA mutant relative to the wild type seen at some points were not
significant.

DISCUSSION

Bacteria produce many types of aminopeptidases, but most
of these enzymes are cell associated (32, 41, 47). Indeed, se-
creted aminopeptidases have only been described for Aeromo-
nas, Bacillus, Clostridium, Pseudomonas, Streptomyces, and
Vibrio (5, 13, 32, 35, 76). We have now confirmed that L.
pneumophila also secretes aminopeptidases. LapA and LapB
are the second and third examples of aminopeptidases being
secreted via a type II secretion system, with the first example
being from P. aeruginosa (13, 48). LapA and LapB are within
the M28 family of peptidases, based on shared homology that
encompasses amino acid residues 195 to 401 in LapA and
residues 189 to 393 in LapB. The best-characterized members
of the family are the secreted aminopeptidases of Streptomyces
griseus and Vibrio proteolyticus (15, 33). When LapA is aligned
with these aminopeptidases, all of the conserved residues of
the active site (H217, D230, E265, D292, and H370) and 9 of
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FIG. 6. Intracellular infection of H. vermiformis by the wild type
and metalloprotease mutants of L. pneumophila. Hartmannellae in
1034 medium were infected and then, at various times postinoculation,
the numbers of bacteria per well were determined. The values pre-
sented are the means and standard deviations obtained from four
infected wells. (A) Infection comparison between wild-type 130b (),
IspF mutant NU275 (e), and proA mutant AA200 (O). At 48 to 96 h
postinfection, significant differences in bacterial recovery were ob-
tained between the wild type and both of the mutants (P < 0.01;
Student’s ¢ test). (B) Infection comparison between 130b(pMMB2002)
(®), 130b(pMproA) (<), AA200(pMMB2002) (O), and
AA200(pMproA) (e). pMMB2002 is the vector into which proA was
cloned for the purposes of this complementation experiment. At 72 h,
significant differences were obtained between AA200(pMMB2002)
and all other strains (P < 0.01). The experiments presented here are
representative of at least six (A) or three (B) other independent experi-
ments. The proA mutant was similarly defective in an additional experi-
ment that used a multiplicity of infection equal to 1.0 (versus 0.1).

the 10 residues that line the hydrophobic pocket adjacent to
the zinc-binding site are found. When LapB is aligned with the
Vibrio enzyme, residues in the active site (H213, D226, E261,
D288, and H366) and residues along the hydrophobic pocket
are again conserved. Based on the different types of losses in
activity that we observed for the lapA and lapB mutants, LapA
appears to be directed against hydrophobic aminopeptides,
whereas LapB targets positively charged, hydrophilic amino-
peptides. Thus, LapA and LapB perform distinct yet comple-
mentary enzymatic activities for L. pneumophila.

As a group, bacterial aminopeptidases perform a variety of
functions, including the catabolism of exogenous peptides, the
modulation of intracellular protein turnover, the N-terminal
cleavage of nascent proteins, and the repression of transcrip-
tion (32, 41, 47). Because they are secreted, LapA and LapB
are most likely involved in the catabolism of exogenous pep-
tides. Although the lapA and lapB mutants were not impaired
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for growth in BYE broth, U937 cells, acanthamoebae, or hart-
mannellae, we did not conclude that LapA and LapB are
irrelevant for growth. For example, it is possible that these
enzymes are critical for growth in other specialized niches or
conditions. L. pneumophila might also produce other amino-
peptidases or proteases that compensate for the absence of
LapA and LapB. In support of the latter scenario, the L.
pneumophila genome predicts the existence of a third, type
II-secreted aminopeptidase that is related to LapA and LapB
(23). Also, as observed in the present study, wild-type super-
natants contain an alanine aminopeptidase activity that is not
type II dependent. Finally, carboxypeptidase activity has been
seen in L. pneumophila culture supernatants (9, 10), and other
secreted (nonamino) peptidases and proteases have been pre-
dicted from the genome (14, 16, 23).

An arguably unexpected finding of our study is that L. pneu-
mophila infection of H. vermiformis amoebae is affected by the
absence of the type Il-secreted metalloprotease, since earlier
studies had not shown a role for ProA/MspA during infection
of macrophages and A. castellanii amoebae (51, 73). Thus, our
work not only uncovers a previously overlooked role for ProA/
MspA but illustrates how the significance of a Legionella trait
can vary depending on the host being used. Though a good
number of L. pneumophila factors display differences in im-
portance when comparing protozoan and mammalian hosts
(52, 72), our observations indicate that distinctions can also be
made between amoeba hosts. L. pneumophila infects at least
seven genera and 17 species of protozoa (28, 67) and, there-
fore, it is reasonable to think that certain bacterial factors
might have evolved to have greater importance in only certain
protozoa. Previous studies have found that the growth and
uptake of wild-type L. pneumophila can vary between Acanth-
amoeba, Hartmannella, and Naegleria hosts (24, 38, 55, 71).
But, few past studies have examined specific mutants of L.
pneumophila for their capacity to infect multiple protozoa (55,
77). One of these studies described mutants that exhibit dif-
ferent behaviors in different amoebae, but the insertion muta-
tions described therein were not backcrossed or complemented
(55). Thus, proA/mspA represents an L. pneumophila gene that
clearly shows differential importance among protozoan mod-
els. Although a need for ProA is only evident from infections
of H. vermiformis, previous studies showed that pro4 and its
protein product are expressed during infection of A. castellanii
and macrophages (51, 59). Thus, we hypothesize that in some
hosts, such as acanthamoebae and macrophages, ProA/MspA
is dispensable such that other proteases can, if necessary, fulfill
its role, but that in other hosts, such as H. vermiformis, the need
for ProA/MspA is greater and/or cannot be complemented by
alternate proteases.

The metalloprotease may be promoting optimal intracellular
infection by helping the bacterium to obtain amino acid nutri-
ents. In support of this scenario, amino acid transporters in L.
pneumophila and the host cell are required for optimal intra-
cellular growth (64, 78). On the other hand, it is possible that
ProA/MspA degrades host factors that are designed to control
bacterial growth or cleaves other secreted Legionella proteins
that directly promote intracellular infection. In infected mac-
rophages, the protease is seen in both the Legionella phago-
some and the adjacent host cytoplasm (59), supporting the
possibility of it having multiple intracellular targets. Clearly,
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the protease’s greater role in Hartmannella hosts should facil-
itate future investigations into the protein’s intracellular role.
Since ProA promotes optimal infection of H. vermiformis, an
amoeba that is an environmental reservoir for legionellae (19,
28), we can now conclude that the protease plays a role in the
ecology of L. pneumophila. Coupled with this environmental
role, ProA contributes to disease by mediating lung damage
and by inhibiting cytokine, phagocyte, NK cell, and T-cell func-
tion (21, 23, 39, 49, 58, 63, 79). Thus, ProA promotes the
natural history and pathogenesis of Legionnaires’ disease in
multiple ways.

Finally, the results presented here increase our appreciation
and understanding of type II secretion. First, with the charac-
terization of LapA and LapB, the L. pneumophila type 11
secretome is now expanded to include at least 14 enzymatic
activities and as such is arguably one of the best-characterized
type II secretion systems (2-4, 8, 22, 30, 31, 37, 44, 61, 62).
Second, with the demonstration of a role for ProA/MspA in H.
vermiformis infection, we now have the first example of a type
II-secreted protein promoting optimal intracellular infection.
This confirms our previous hypothesis that the intracellular
defects of Isp mutants are due, at least in part, to the loss of
secreted effectors, as opposed to being strictly due to potential
cell-associated (e.g., envelope) changes. Since a proA mutant is
not as defective in H. vermiformis as an Isp mutant, we believe
that there are more type II effectors that facilitate infection.
Indeed, the relatively modest effect of the pro4 mutation is
compatible with a scenario in which the importance of type 11
secretion derives from an additive effect of multiple secreted
proteins. A similar conclusion has been drawn concerning the
Dot/Icm type IV secretion system of L. pneumophila in which
some effectors, analogous to LapA and LapB, are completely
dispensable, while others, like ProA, contribute but in a rela-
tively small way (43, 46).
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